Computed mapping of the electroencephalogram (CME) is a newly developed method using a microcomputer system that displays the scalp topo graph as the square roots of the average power spectra over each EEG fre quency band on a color television screen, This new device has been employed in an examination of functional lesions in 20 patients with aphasia due to cerebral infarction. The results were compared with those of computed tomog raphy (CT) and regional cerebral blood flow (rCBF) studies using intracarotid 1:l3Xe. A high-voltage focus of slow components and an asymmetrical distribu tion of alpha activity were regarded as signs of functional lesions on CME.
Topographic Electroencephalographic Study of Cerebral
Infarction Using Computed Mapping of the EEG *Ken Nagata, *Masahiro Mizukarni, *Goro Araki, *Takeshi Kawase, and t Masaharu Hirano *Department of Neurology and Neurosurgery, Institute of Brain and Blood Vessels, Mihara Memorial Hospital, Gunma, Japan, and tDepartment of Neuropsychiatry, Toyama Medical Pharmaceutical College, Toyama, Japan Summary: Computed mapping of the electroencephalogram (CME) is a newly developed method using a microcomputer system that displays the scalp topo graph as the square roots of the average power spectra over each EEG fre quency band on a color television screen, This new device has been employed in an examination of functional lesions in 20 patients with aphasia due to cerebral infarction. The results were compared with those of computed tomog raphy (CT) and regional cerebral blood flow (rCBF) studies using intracarotid 1:l3Xe. A high-voltage focus of slow components and an asymmetrical distribu tion of alpha activity were regarded as signs of functional lesions on CME.
Twelve patients showed high-voltage foci and six showed asymmetrical alpha activity on CME, which correlated weB with the lesions on CT and/or rCBF studies. Especially in patients with motor aphasia, CME demonstrated the abnormality in advance of the appearance of a low-density area on CT. Com pared with conventional EEG interpretation, CME is very useful in topo graphic and objective diagnosis of functional lesions, although the source of the data is the same as for the conventional EEG. Key Words: Electroenceph alogram-Topography-Cerebral infarction-Aphasia-Computed tomog raphy-Regional cerebral blood flow.
The recent introduction of computer technology into medical practice has made easier the complex computation required in frequency analysis of the electroencephalogram (EEG) and subsequent ana lytical studies. It has made it possible to make a two-dimensional representation of the electrical ac tivity of the brain. We developed computed map ping of EEG (CME), a topographic display of equivalent potentials of the scalp EEG over each frequency band of interest using a microcomputer system. We investigated the feasibility of using this method in the diagnosis of "functional lesions" in patients with cerebrovascular disorders, specifi cally, to assess the clinical usefulness of CME in the diagnostic evaluation of cerebral infarction in pa tients with aphasic symptoms. Special emphasis was placed on the following two points: (1) com parison of the location of the lesion as estimated from the clinical findings, as diagnosed morphologi cally by cerebral angiography and computed tomog raphy (CT), and as determined functionally on the basis of CME and regional cerebral blood flow (rCBF) studies and (2) comparison of CME findings and conventional EEG interpretation.
SUBJECTS AND METHODS
The subjects in this study were 20 right-handed patients with left cerebral infarction and manifesta-tions of aphasia. The series comprised 15 male and 5 female patients having an average age of 61 ± 9 years. These patients were all admitted to the hos pital within a month of the onset of symptoms. Neurological examination, cerebral angiography, CT, and CME were performed; 12 of the patients had rCBF measurements. Five healthy volunteers were used as controls, serving as subjects for a study of normal CME findings and their reproduci bility.
Tests of verbal and written language function were used to evaluate aphasia after the patient's level of consciousness had improved sufficiently to permit testing. The Token Test and the Standard Language Test for Aphasia were performed as indi cated. Aphasic symptoms were categorized as global in 6 cases, as sensory in 4 cases, and as motor in 10 cases according to the following arbitrary diagnostic criteria (Hirano et aI., 1973) . In global aphasia, all the functions involving verbal com munication were seriously impaired. In sensory aphasia, spontaneous speech was abundant and fluent and the rhythm was only slightly impaired, but there was paraphasia; comprehension of spoken and written language was also impaired. In motor aphasia, spontaneous speech was nonfluent, i.e., the little speech that was produced was uttered slowly with great effort, poor articulation, and di minished vocabulary; agrammatism and dysarthria were prominent. Comprehension of spoken or written language was relatively well preserved, however. CME is a system producing a two-dimensional display of equivalent potentials of EEG activity (as measured at the scalp) using a microcomputer. The equivalent potentials of EEG activity are defined as the square roots of the average power spectra over a given frequency band. Sixteen electrodes are placed on the scalp according to the International 10-20 system, and EEGs are recorded by a nonopolar derivation with reference electrodes on both ear lobes and then amplified by a 17-channel EEG polygraph (l A58, San-ei Sokki) connected to an on-line microcomputer (modified 7T08, San-ei Sokki). EEG data in the frequency range of 2.0-29.5 Hz are divided into the five frequency bands shown in Table 1 . Spectral analysis is carried out using fast-Fourier transformation technique to determine the average power spectra. Defining equivalent potential as the square root of the aver age power, as mentioned above, measured points between the points of electrode placement are esti- mated from actual potential measurements at the 16 electrode placements by interpolation according to the method of Ueno and Matsuoka (l 976). The in terpolated values are then quantified into 11 levels and the potential fields mapped. The maps are further represented by 11 corresponding colors on a color television (8001G, Intecolor) for each fre quency band. Red is used to designate the highest voltage areas, and blue, the lowest voltage ones. The voltage differential (.l V) between two succes sive levels ranges from 0.5 to 2.0 p.,V. Thus, if the voltage differential is set at LOp., V, then blue areas indicate a voltage of 0 p., V and red ones represent values in excess of 10.0 p., V (1.0 x 10 p., V). The subunit of data length for spectral estimation is 2.007 s; the results of 60 subunits are totaled and averaged. Therefore, EEG data for an approxi mately 120-s epoch are analyzed. Figure 1 presents a block diagram of the system.
In our patients, the rCBF in the left hemisphere was measured by the 133Xe intracarotid injection technique using a 16-channel scintillation detector system and an on-line microcomputer system (Cerebrograph, Meditronic). Initial flow values were obtained by the use of the initial-slope index method. Three values were taken for evaluation (Nagata, 1980) : first, an average value of all 16 channels, i.e., mean left hemispheric CBF; second, an average value of 3 channels over the left frontal lobe, including Broca's area; and third, an average value of 3 channels over the left temporal lobe, in cluding Wernicke's area. The site of placement of the collimators on the scalp at the time of rCBF measurement was marked with suitable landmarks. The spatial relationships of the collimators to the anatomical brain structures were confirmed by plain skull radiography. We employed our own previ ously published results for normal values (Kawase et aI., 1979) , i.e., 63.2 ± 11.8 mlil 00 g/min for mean CBF, and 63.2 ± 17.0 mlil 00 g/min for values of the individual channels. 
RESULTS

CME Findings in the Control Group
The CME findings in the five normal volunteers were characterized by diffuse low-voltage delta and theta activity over both hemispheres. Relatively predominant high-voltage alpha-lor alpha-2 activ ity (or both) was observed in both occipital regions. Figure 2 shows the CME findings obtained from a normal volunteer. Fairly symmetrical delta foci were noted in the frontal regions bilaterally. How ever, these high-voltage foci were not considered abnormal, since they were confirmed to reflect eye blinks on the EEG polygraph. The reproducibility of CME findings in normal volunteers is discussed later by comparing the two sequences of the EEG maps shown in Fig. 2 , which are based on an analysis of 120 s of EEG data.
Comparisons of the Methods in 20 Patients
with Aphasia (Table 2) Patients with Global Aphasia Six patients suffered from global aphasia as a re sult of occlusion of the left internal carotid artery or the left middle cerebral artery. On CT, a broad low-density area, cortical and subcortical, extend ing from the left frontal to the left temporal region was seen in 5 of these patients, and a low-density area in the left centrum semiovale was seen in the remaining patient. CME demonstrated diffuse high-voltage delta activity in the left hemisphere corresponding to the lesions detected on CT and diffuse low-voltage alpha-l and alpha-2 activity with of the normal value (Kawase et aI. , 1980] . In all 3 cases, mean CBF in the Broca and Wernicke areas was definitely lower than normal, a finding indicat ing severe global ischemia of the brain. Figure 3 represents CT and CME findings as well as the results of the rCBF study in the patient with global aphasia due to occlusion of the left middle cerebral artery. The CT scan demonstrated an ex tensive cortical and subcortical lesion involving the left frontal lobe and the left temporal lobe. CME high-voltage delta activity corresponded to the ex tensive lesion seen by CT, while low-voltage alpha-1 and alpha-2 activity was noted over the en tire left hemisphere. The rCBF study showed marked ischemia in all channels, with a mean CBF value of 33 mVl OO glmin. Thus, the CT, rCBF, and CME studies, which were carried out over the same time period, consistently indicated extensive dam age of the left hemisphere. (8), and CME findings (C).
Patients with Sensory Aphasia
In 3 of the 4 patients with sensory aphasia, CT showed a cortical and subcortical low-density area at about Wernicke's area in the left temporal lobe. In the remaining patient, in whom sensory aphasia was a residual effect following recovery from global aphasia, an extended area of low density involving the cortex and subcortex of the left frontal lobe and the left temporal lobe was observed. In one patient, CME demonstrated a high-voltage delta focus (focal slow waves) in the left temporo-occipital region in the acute stage that corresponded fairly well to the J Cereb Blood Flow Metabol, Vol. 2, No. I, 1982 lesion demonstrated by CT; CME also revealed low-voltage alpha-l and alpha-2 activity (Fig. 4) . In the chronic stage, the other three patients showed no unequivocal high-voltage delta or theta focus; alpha activities were high, predominantly in the right hemisphere and in the occipital region. In all four patients, rCBF study revealed a reduction of mean CBF in the Broca and Wernicke areas, with relatively greater decreases in the latter. These findings suggest decreased blood flow in the entire left hemisphere with an especially marked ischemia of the left temporal region. Figure 4 represents the results in a patient with sensory aphasia due to occlusion of the left angular artery. The CT, rCBF, and CME studies were per formed 7 days after the onset of aphasia. As can be seen, a wedge-shaped cortical and subcortical le sion was noted in the left temporal lobe on CT, a" high-voltage delta focus was detected on CME , and there was a marked focal ischemia in the left tem poral region with left hemispheric global ischemia on rCBF study. In this case, the CT, CME , and rCBF findings were in good agreement concerning the localization of the brain lesion.
Patients with Motor Aphasia
Of 10 patients with motor aphasia, 6 demon strated a low-density area in the cortex and sub cortex of the left frontal lobe on CT, while 4 others had a low-density area in the cortex and subcortex or in the centrum semiovale of the left hemisphere. In 5 cases, CME showed no distinct localization of delta and theta activity. There was asymmetry of alpha activity with lateralization to the right side (notably in the right occipital region). In 3 cases, high-voltage delta and theta activity was confined to the left frontal region or over the entire left hemi sphere with lateralization of alpha activity to the right side (dominant in the right occipital region). In 2 cases there was lateralization of delta, theta, and alpha-l activity to the left side and of alpha-2 activ ity to the right. Measurement of rCBF, which was feasible in 5 of the 10 patients with motor aphasia, showed a marked reduction of mean CBF in all cases, with a greater decrement in Broca's area than in Wernicke's area in 3 patients.
Worthy of note is a case of motor aphasia result ing from occlusion of the left middle cerebral artery at its horizontal portion (Fig. 5 ). In this instance, no more than a circumscribed cortical and subcortical lesion of the left frontal lobe was detected by CT, whereas CME disclosed left-sided high-voltage delta and theta activity and relative asymmetry of alpha-l and alpha-2 activity predominating on the right side. The rCBF study showed a marked re duction of blood flow in all channels, with a defi nitely reduced mean CBF value of 22 mV100 glmin. The discrepancy between CT (demonstrating a small localized lesion) and the CME and rCBF studies (both suggesting an extensive lesion in the left hemisphere) was striking in this case, although the examinations were carried out over the same time period.
DISCUSSION
With the development of CT, remarkable prog ress in the diagnosis of morphological lesions of the brain has been made. On the other hand, EEG and rCBF studies have been in wide clinical use as means of evaluating functional lesions of the brain. In electroencephalography, it has been customary to represent the electrical activity of the brain, de rived via some dozen electrodes placed on the scalp, as continua of wave forms for visual in terpretation. However, this procedure requires much greater examiner skill and a considerably longer study period compared to CT. Moreover, it is undeniable that the information provided by con ventional electroencephalography regarding lo calized pathological processes is not very objective, and it is thus not very helpful in topographic diagno sis (Gevins et al., 1975) . Such circumstances prompted many investigators to attempt two dimensional or topographic display of EEG records (Bickford, 1976; Matsuoka et aI., 1976; Aoyagi et aI., 1979; Cohen et aI., 1979; Duffy et aI., 1979) . Our CME procedure consists of two steps. One entails derivation of the equivalent potential of a specific EEG activity, as defined by the square root of aver age power spectra over the desired frequency band, from each of 16 electrodes applied to the scalp. The second involves computation for the mapping of potential fields through interpolation (Ueno and and quantification. In other words, the procedure may be said to be an attempt to make a map of the EEG activity of a certain time period that lends itself to a two-dimensional display and to semiquantitative evaluation of the electrophysio logical activity of the brain.
As shown in Fig. 2 , CME findings in five healthy controls were marked by low-voltage slow compo nents and predominant high-voltage alpha activity with a symmetrical distribution, except for the ap pearance of slow waves in frontal regions that rep resent eye blinks and other ocular movement. Here, it is necessary to determine (by comparison with conventional EEG interpretation) whether those high-voltage foci of slow waves (particularly delta activity) that emerge in the frontal region represent rhythmic slow activities due to blinking or eye movements or represent genuine focal slow compo nents.
A comparative study of CME findings obtained from the same subject on two separate occasions showed good reproducibility of the CME pattern, as illustrated in Fig. 2 . Matsuoka et al. (1978) and Ueno and Matsuoka (1976) employed 40-s EEG data for two-dimensional display. We analyzed 30to 180-s EEG data (consisting of 15-90 subunits lasting about 2 s each) and found that a 120-s EEG data period was adequate and appropriate in terms of achieving good reproducibility and detecting in tervening motor artifacts. Hence, CME findings de rived from computer analysis of 120-s EEG data were regarded as reflecting well the electrophysio logical activity of the brain at a given point in time.
On the basis of autopsy and CT studies (Kertesz, J Cereb Blood Flow Metabol, Vol, 2, No. I, 1982 1979), patients with global aphasia are presumed to have widespread damage of the brain extending from the left frontal lobe (including Broca's area) to the left temporal lobe (including Wernicke's area).
CT study of the patients with global aphasia in the present series showed an extensive lesion in the cortex and subcortex of the left hemisphere in five patients and in the white matter of the left hemi sphere in one patient. The CME findings in these cases were characterized by high-voltage slow waves (in delta activity) predominating over the en tire left hemisphere with asymmetry of low-voltage alpha activity, which predominated on the right side. Both CT and CME were thus considered to give a good reflection of the existing clinical symp tomatology. Consistent with these findings, the rCBF studies also revealed marked ischemia of the entire left hemisphere. In patients with global aphasia, both anatomical (functional) and elec trophysiological (functional) evidence thus strongly suggested extensive damage of the left hemisphere.
In one patient with sensory aphasia (Fig. 4) , the lesion on CT corresponded well to the delta focus demonstrated by CME, and these agreed fairly well with the focal ischemic areas revealed by the rCBF study. Some comparative studies of clinical symp toms versus EEG findings in aphasia patients led to the conclusion that slow wave foci were not neces sarily significant in diagnostic localization (Strauss et aI., 1955; Kooi et aI. , 1964) . According to Ingvar (1967) , however, there is a fairly good correlation between rCBF and slowing of scalp-recorded EEG activity in cases of occlusive cerebrovascular dis ease, except during luxury perfusion. Our results support the finding of Ingvar, since we noted a good correlation between the foci of slow components and the areas of conspicious reduction of rCBF. It may therefore be said that the primary advantage of CME is that its two-dimensional display of EEG activity permits the semiquantitative topographic localization of high-voltage areas of slow activity and thereby permits comparison with CT and rCBF findings.
Next, we consider the 3 patients with sensory aphasia and the 5 with motor aphasia in whom there was no equivocal high-voltage slow-wave focus, and the localizing diagnosis was made purely on the basis of asymmetry and lateralization of the alpha distribution. Studies by conventional electroen cephalography have shown symmetry of occipital alpha activity in 82. 2% of normal subjects (Arid and Gastaut, 1959) , and quantitative method of es timating occipital EEG activity in terms of power spectra is currently in widespread use. Unfortu nately, however, the conventional EEG interpreta tion does not seem to have the objectivity required to warrant its use in estimating the distribution of alpha activity over the entire surface of the brain. The fact that CME permitted a semiquantitative topographic demonstration of the distribution of alpha activity in the present series of aphasia pa tients may be said to be another advantage of great importance.
Third, it should be mentioned that in the patients with motor aphasia (Fig. 5) , CME successfully demonstrated an extensive area of hypofunction in the left hemisphere, in good agreement with the rCBF study showing global ischemia of the left hemisphere; on the other hand, CT only disclosed a >'lesion too small to account fully for clinical symp tomatology. In other words, a reasonably correct estimate of the degree of brain damage could be obtained by the CME and rCBF studies, which, un like CT, reflected the existing status of brain func tion. This clearly indicates the usefulness of CME as a topographic and noninvasive means of evaluating brain function. However, the system in question has the follow ing disadvantages. Since CME is designed to esti mate the power spectra of EEG activity and to dis play, in a map form, the distribution of equivalent potentials, determination of the localization by phase inversion and the evaluation of epileptiform discharge (i. e. , sharp and/or spike) are apparently outside its scope. In assessing these areas one must rely on conventional EEG interpretation. CME is also incapable of distinguishing between authentic slow waves appearing in the frontal region and motor artifacts due to blinking and other ocular movements. In making a topographic computer dis play of such waves it is therefore necessary to in spect the EEG tracings to determine whether these discharges are authentic, naturally occurring ones.
As is obvious from the above discussion, the availability of CME has rendered it possible to dis play EEG data in a topographic and semiquantita tive way and thereby to make in-depth studies of the functional impairment of the brain through com parisons with CT and rCBF findings.
CONCLUSION
In a study undertaken to compare the morpho logical and electrophysiological diagnosis of brain lesions, CME was performed on 20 patients suffer ing from cerebral infarction and showing aphasic symptoms; the findings were compared with those of CT and rCBF studies.
1. The distribution of equivalent potentials (de fined as the square root of the average power spectra over each frequency band of interest) of EEG data taken over an appropriate time period was displayed on a color television screen as an equipotential scalp map.
2. The localization of slow wave activity on CME was found to correlate well with both CT findings and the results of rCBF measurements. It was also possible to estimate the location of brain lesions from the distribution pattern of alpha ac tivity.
3. When attention must be paid to the EEG pat tern, proper diagnostic evaluation can be made only by conventional EEG interpretation.
In conclusion, the two-dimensional display of EEG activity has made it possible to compare topo graphic EEG findings with relevant findings of CT and rCBF studies and also to evaluate the elec trophysiological state of the brain semiquantita tively.
